The total body plethysmograph method of DuBo~s et al. [7] for measurement of lung volume and airway resistance was adapted to the study of newborn infants. A Rendell-Baker mask directly controlled by the operator proved by trial and error to minimize the chances of pressure leaks and undesirable pressure on the nose and allowed the mandible to be pulled forward to minimize pharyngeal obstruction. Use of an oscilloscope for direct visualization of flow and pressure tracings was essential in order to detect immediately pressure leaks, artifacts, and abnormal patterns during measurements of both lung volume and airway resistance.
Introduction
Measurements of airway resistance and associated lung volume in adults and older children have been available for some time. There is less information about these measurements, however, in infants and in subjects under four years of age. COOK et al. [5] and SWYER et al. [13] employed an esophageal catheter and total body plethysmograph to obtain pressure-volume curves and indirectly calculated resistance in newborn infants. POLGAR [I 1, 121 used a pneumotachometer, oscilloscope, and the total body plethysmograph method of D u~o r s et al. [7] to measure airway resistance in the newborn; he used an esophageal catheter to measure compliance. BRISCOE and DuBo~s [3] studied the relation of conductance (the reciprocal of airway resistance) to lung volume in healthy subjects 4 to 87 years of age. They reported a regression of conductance on lung volume throughout the range of lung volume (0.8 to 5 1) of the subjects studied. MEAD [9] , however, postulated that the rate of growth and the relation of airway conductance to lung volume is not the same for all age groups.
Further study of these parameters in healthy infants and young children is essential for understanding the changing relations in the lung with growth. Establishment of age-related normal values will permit the study of obstructive pulmonary diseases prevalent in infants and young children. Most of these diseases result in an increase in lung volume, over-inflation, and/ or an increase in airway resistance. The total body plethysmograph method [7] permits measurement of both airway resistance and lung volume. This technique was modified for the study of infants and children below the age of five years. The interrelations of the data obtained on normal newborn infants are presented here.
Methods
A body plethysmograph (figs. 1 and 2) was made of one-half inch plastic, which provided ample rigidity for the box. The volume was 140 liters. One end was designed to slide open to permit placement of the infant or child supine on the bed frame. When closed, four silent-operating locks held the two sections together around an airtight, rubber seal. Two smaller plastic boxes were used together or interchangeably to decrease the volume of the chamber. A two-inch circular cuffed-opening in the side of the plethysmograph permitted entrance of the operator's hand and forearm ' to apply the face mask. The monocellular rubber gasket cuffing the opening was flexible enough to permit entrance of the hand and to provide an airtight Fig.1 . Design of the total body plethysrnograph. In operation, the box is closed. The opening in the side is for the operator's arm and hand. The pneumotachometer and face mask are to the left. The calibrating pump is on the right. fit around the arm, yet rigid enough to withstand the pressure changes that occurred during the procedure.
A size 0 or 1 Rendell-Baker mask was applied over the nose and closed mouth of the infant. An airtight seal was ensured by application of a light coating of vaseline on the edge of the mask. Care was necessary to avoid any pressure on the tip of the nose, since airway resistance was markedly increased by very little pressure. Attached to the mask was a 2-cm diameter, heated, calomel wire-mesh pneumotachometer with a linear flow response of 0.3 11s. The resistance value of the pneumotachometer was very low (0.2 l/s), compared with that of airway resistance, and was subtracted from all measurements of airway resistance. The value for total airway resistance was corrected by subtracting one-half the volume of the dead space [7] , which was assumed to be 2.3 ml/kg body weight. Two Sanborn P270 transducers were used to measure box pressure and flow changes; a Sanborn P268 transducer was used to measure airway pressure. A Sanborn Model 150 recorder and a modified Sanborn Model 769 oscilloscope were also used. The face mask was controlled by the operator at all times. A cable-release manual shutter, which could be operated from outside the plethysmograph and closed at end-tidal expiration, was positioned between the mask and the flowmeter. The volumes of dead space of the mask and airway to the shutter were approximated and subtracted from all measurements of lung volume. Changes in box pressure were calibrated by the rapid introduction and withdrawal of 30 ml of air delivered from a calibrated pump while the infant was in the plethysmograph. The pneumotachometer was calibrated with a Brooks flowmeter, the calibration of which was verified using a Tissot spirometer.
Fifty-one normal, full-term infants were selected from the newborn nursery [14] after a feeding. None showed clinical cardiopulmonary abnormalities at the time of the study or during their hospital stay. The mean age was 3 days (range 2 hours to 11 days). They were swaddled and lightly restrained. All infants studied were quiet but not asleep. A few required a brief period of adjustment to the circumoral stimulation of the mask. Those who were obviously awake or irritable were omitted or brought back for study after another regular feeding. Parental permission by signed consent was obtained in all cases.
The lower jaw was held upward and the mouth held closed during each measurement. No difficulty was experienced in obtaining either flow or pressure measurements. Nasal obstruction or air leaks were readily detected from the oscilloscope tracing. The mask was repositioned until acceptable and reproducible tracings were observed. Ten determinations were made on each subject. Expiratory slopes at flow rates of approximately 0.1 11s were used to measure airway resistance, and efforts were made to measure thoracic gas volume (TGV) at end-tidal expiration or functional residual capacity (FRC). No marked alteration in respiratory pattern was observed when the mask was applied; however, the 14 ml of dead space may have caused an increase in depth of respiration and flow rate. The normal, rapid respiratory rate of the newborn infant facilitated these measurements. Conductance was calculated as the reciprocal of airway resistance. Tidal volume, respiratory rate, and inspiratory and expiratory flow rates reported on 36 of the infants were obtained from pneumotachometer tracings at the time of the study and do not represent basal levels. I t is possible that these infants were somewhat stimulated by closure of the airway during the test procedure.
Results
The results are summarized in table I. Values for TGV at FRC and airway resistance were determined in 51 newborn infants. The mean weight of subjects was 4040 grams (range 2200 to 4140); the mean length was 49.0 cm (range 46 to 54). Correlation of TGV at FRC with age (r = 0.35) and length (r = 0.23) was poor over the narrow age and length ranges studied ( fig.3) . The mean value for TGV was 89.9% 15.5 ml (range 62 to 13 1). Related to body weight, the mean value for TGV was 29f 6 ml/kg. Correlation of airway resistance with age (r = 0.06), weight (r = -0.05), and length (r = 0.03) was very poor. When airway measurements were related to the lung volumes at which they were measured, the correlation coefficient of -0.33 was comparable to that for FRC and length ( fig.4) . The mean value for airway resistance was 19.2f 5.6 cm H,O/l/s (range 10.3 to 40.5), resulting in a mean value for conductance of 0.052 10.015 l/s/cm H,O.
The mean respiratory rate of 36 of the infants was 6 7 1 17 breaths per minute. The mean tidal volume of 2 5 k 4 ml resulted in a mean minute volume of 172 1 f 399 ml. The tidal volume per unit body weight was 8.4 f 1.8 ml/kg, and the mean minute volume per unit body weight was 5 8 8 1 115 ml/kg. The mean peak inspiratory flow rate of 0.09 11s was somewhat higher than the mean peak expiratory flow rate of 0.08 11s during tidal respiration, and is comparable to that occurring when measurements of lung volume and airway resistance were obtained and were not basal.
Discussion
The value for TGV at FRC, expressed as ml/kg body weight for the 51 infants in this study is similar to that found by KLAUS [8] and AULD [l] and less than that measured by NELSON [lo] using a similar technique.
Our results also confirm the findings of NELSON [lo] and CHU [4] that the value for FRC, expressed as ml/kg body weight, is larger in the smaller babies. The value of TGV at FRC for normal newborns, measured in the supine position, falls near the extrapolated regressions of FRC versus height determined by studying seated older children and adults ( fig. 3 ) and indicates a logarithmic relation of FRC to body length throughout life.
In older subjects, airway resistance and its reciprocal, conductance, change in relation to the TGV at which these are measured. Little has been reported of this relation in infants and children. In this study, the values for airway resistance during nasal breathing are very similar to the value of 18.1 -1-6.0 cm H,O/l/s Airway resistance a n d lung volume in the newborn infant 131 obtained in 15 infants by POLGAR [I 11, who used a similar method, but it is less than the value of 28.5 cm H,O/l/s he reported later for 14 infants [12] . The infants in the latter study had a mean lung volume of 0.07% 0.018 1, a value considerably less than that of our 51 infants, and higher resistance would be expected.
In the present study, values for resistance were also lower thah those obtained by COOK et al. [5] , 29 cm H,O/l/s (SE f 4) in 18 infants, or by SWYER et al. [13] , 26 cm H,O/l/s in 9 infants. These investigators used a plethysmograph and pressure-volume tracing to calculate resistance and employed a water-filled esophageal catheter connected to a pressure transducer [7] eliminates the nasal catheter and probably provides a better estimate of the true value for airway resistance, but it might underestimate the value somewhat if, in the presence of small airways, the respiratory rate was too rapid to permit pressure equilibration between mouth and alveoli during lung volume determinations. From analysis of our data, this did not appear likely since rapid respiratory rate did not correlate with low airway resistance or vice versa, and a good straight-line relation was observed.
Several further comments on technical factors are pertinent. Use of an oscilloscope permitted direct visualization of the changing relations of plethysmograph pressure to either airflow or airway pressure. Pressure leaks or abnormal flow patterns were instantly detected. Measurements obtained from recorder tracings are more apt to include faulty samples. Provision for the operator's hand to control the mask during the procedure was also important because it allowed the mandible to be pulled forward gently to maintain a 4 . Airway conductance data for 5 1 newborn infants plotted against lung volume at which it was determined. The regressions indicate the limits of normal projected from the simplified prediction formula of BRIS-COE and DuBo~s [3] . patent pharyngeal airway. Even slight compression of the nose markedly increased airway resistance. This was avoided by using Rendell-Baker masks, which were cut out to allow adequate space for the nose and direct airflow into the adapter tube connecting the mask to the pneumotachometer. Prior to initiating these precautions, we had observed that when we used a remote control device to position and to hold the pneumotachometer and Bennett circular infant face masks, wide variations and erroneously high results were obtained. Some information about the relation of airway resistance characteristic of the newborn to that of older children and adults is provided from our data. The mean conductance value of 0.052 l/s/cm H,O lies above the calculated regression of BRISCOE and DuBo~s [3] --( fig. 4 ). An airway resistance value of 40 cm H,O/l/s is required to obtain a conductance value of 0.025; however, another variable in measurements of airway resistance would seem to preclude further direct comparison of adults and infants. Adult measurements of airway resistance are usually made at panting flow rates of 0.5 11s. In this study, the infants achieved flow rates approximating 0.1 11s. This flow rate is approximately 115 that of the older subjects studied. Studies in four normal adults revealed that a four-fold increase in airflow rate from 0.5 to 2.0 11s resulted in a two-to three-fold increase in airway resistance during either nose or mouth breathing. We have also observed considerable increases in airway resistance in newborn infants during involuntary deep breaths, when resting flow rates doubled or tripled. Since resistance to Airway resistance a n d l u n g volume i n the newborn infant Airway resistance and thoracic gas volume at functional residual capacity in 51 newborn infants. The resting respiratory rate, tidal volume, and airflow rates were determined before or after the airway resistance and lung volume measurements and are not basal. The flow rates during determination of airway resistance approximated 0.1 11s.
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airflow is a function of the diameters and lengths of the tubes involved and of the rate of gas flow, airway resistance cannot be related to a single parameter of lung size, such as lung volume, unless all measurements are made at similar flow rates. Considering these differences in flow rates, one would expect the results obtained in these infants to deviate from the calculated regressions obtained using the data from older subjects in the direction actually observed. These results point to the need for age-specific normal values for airway resistance throughout infancy and early childhood.
POLGAR and KONG [I21 calculated a value of 12.1 & 5.5 cm H,O/l/s for nasal resistance in five newborn infants. Subtraction of this value from that of the infants in the present study, during nasal breathing, gives a calculated value of 7.1 cm H,O/l/s for oral airway resistance (conductance = 0.14). These results suggest that nasal airway resistance in the newborn infant constitutes a major part of total airway resistance.
Summary
Using the total body plethysmograph method [7] , fifty-one newborn infants were studied to determine thoracic gas volume at functional capacity and airway resistance at this volume. The volume of functional residual capacity was 89.9% 15.5 ml ( 2 9 f 6 ml/kg) for these infants whose mean length was 49 cm. The mean value for airway resistance was 19.2 cm H,O/l/s. The mean value for conductance (reciprocal of airway resistance) of 0.052 l/s/cm H,O fell outside the pro-jected regressions determined by BRISCOE and DuBo~s [3] . Airway resistance was determined in these newborns when the airflow rate was 0.1 l/s, a value considerably less than that of older subjects who have been studied. Inability to measure airway resistance at similar flow rates limits direct comparisons of airway resistance in infants and older children. Age-specific normal values are needed throughout infancy and early childhood.
